Review
Ninety years ago, Felix d'Herelle successfully treated fowl typhoid with bacteriophage (phage) delivered orally to chicken flocks in Southern France (d'Herelle 1926) . The use of phage to prevent or treat bacterial disease has, in the intervening years, undergone cycles of enthusiasm and skepticism (Domingo-Calap et al. 2016; Eaton and BayneJones 1934; Nobrega et al. 2015) . One reason for its checkered reputation is rooted in the mutation rate of bacterial pathogens to phage resistance (Luria and Delbruck 1943) . The appearance of a resistant mutant early in therapy is an obvious and unavoidable complication--one well appreciated by d 'Herelle himself (d'Herelle 1931) . Just over 35 years ago, a partial solution to that complication was offered.
In a series of elegant studies, H. Williams Smith and colleagues (Smith and Huggins 1980 Smith et al. 1987 ) demonstrated several successful instances of phage therapy applied to Escherichia coli infections (both enteric and extraintestinal). Whereas Smith employed a number of innovative and novel techniques, the author felt his success (particularly when employing just a single therapeutic phage) was mainly due to the fact that the virulent E. coli strain employed was rendered attenuated as a consequence of acquiring phage resistance. In this particular case, the E. coli K1 capsule was the phage receptor and unencapsulated mutants were attenuated in the extraintestinal infection Smith and his colleagues were modeling. Since a relatively large number of gene products are required to make a Abstract Bacteriophages (phage) that infect pathogenic bacteria often attach to surface receptors that are coincidentally required for virulence. Receptor loss or modification through mutation renders mutants both attenuated and phage resistant. Such attenuated mutants frequently have no apparent laboratory growth defects, but in the host, they fail to exhibit properties needed to produce disease such as mucosal colonization or survival within professional phagocytic cells. The connection between attenuation and phage resistance has been exploited in experimental demonstrations of phage therapy. In such experiments, phage resistant mutants that arise naturally during therapy are inconsequential because of their attenuated status. A more contemporary approach to exploiting this connection involves identifying small effector molecules, identified in high-throughput screens, that inhibit one or more of the steps needed to produce a functioning phage receptor. Since such biosynthetic steps are unique to bacteria, inhibitors can be utilized therapeutically, in lieu of antibiotics. Also, since the inhibitor is specific to a particular bacterium or group of bacteria, no off-target resistance is generated in the host's commensal bacterial population. This brief review covers examples of how mutations that confer phage resistance produce attenuation, and how this coincidental relationship can be exploited in the search for the next generation of therapeutic agents for bacterial diseases. K1 capsule, it makes sense that capsular loss would be the most common mechanism (of several: Labrie et al. 2010 ) to confer phage resistance during an infection.
Smith's clever and insightful choice of phage for his therapeutic test (the phage performed better than antibiotics: Smith and Huggins 1982) suggested that certain phages would be much better therapeutic candidates than others. However, current phage therapy descriptions typically do not apply Smith's insights to screen candidate phage for therapeutic use (Loc-Carrillo and Abedon 2011; Nobrega et al. 2015) . One impediment may be that it requires additional tests and unless the phage uses a receptor that is known to be required for an obvious step in pathogenesis (e.g., immune evasion, and attachment, reviewed in: Leon and Bastias 2015) , the reason for attenuation may not be obvious. Nevertheless, for every pathogenic bacterium, there are many types of phage (Lindberg 1973) . Consequently, the likelihood is high that one or more of those phages will utilize a receptor that is also required for virulence.
In 1982, Raleigh and Signer suggested the use of phage as selective agents to obtain mutant collections enriched for members defective in host/bacterial interactions (Raleigh and Signer 1982) . Using this technique, the authors obtained nodulation defective Rhizobium phaseoli mutants. Subsequently, the group led by Signer used the phage as a tool to deduce the parts of the phage receptor important for nodulation (Finan et al. 1985) . Impressed by their success, I instigated the first of two projects in my laboratory to see if the same strategy could be applied to animal pathogens. Initial work was carried out with Bordetella avium, a Gram-negative pathogen that causes a pertussis-like upper respiratory tract disease in turkeys called bordetellosis or turkey coryza (Jackwood and Saif 2003) . Turkey coryza pathogenesis is rather straightforward: water or aerosolborne bacteria colonize the trachea and elaborate toxins that produce the characteristic pathogenic features (loss of ciliated tracheal epithelial cells: Arp and Cheville 1984) . The pathogen is cleared coincident with the appearance of a humoral immune response (Barnes and Hofstad 1983) . We found that 70 % of mutants resistant to a phage we had isolated (Ba1: Shelton et al. 2000) were attenuated and all (100 %) had assorted lipopolysaccharide (LPS) modifications that prevented direct phage attachment. Analysis of the mutant LPS from attenuated and virulent mutant classes permitted identification of the outer core region of LPS (the point of O-antigen attachment) as crucial to pathogenesis (Shelton et al. 2002; Spears et al. 2000) .
Phages were again used in my laboratory, this time to identify and characterize attenuated mutants in the Grampositive pathogen Listeria monocytogenes, the causative agent of listeriosis (Gray and Killinger 1966) . Listeriosis has a much more complicated pathogenesis than bordetellosis. Listeriae are foodborne pathogens (Farber and Peterkin 1991) that translocate from the intestine to the liver and spleen where they reside intracellularly and spread cell-to-cell by means of a cytosolic motility based on actin polymerization (Portnoy et al. 2002; Tilney and Portnoy 1989) . Mutants that fail to spread cell-to-cell effectively are attenuated (Dussurget et al. 2004) . Also, many of the immunostimulatory properties of listeriosis are rooted in this pathogenic feature (Spears et al. 2011) . A listerial phage, P35h4, was employed as a screening agent and a phage resistant insertion mutant was obtained that failed to adsorb phage and was profoundly attenuated in a mouse oral-infection model (Spears et al. 2008 ). Subsequently, a collection of P35h4 resistant mutants was systematically assembled. All mutants (each having a lesion in one of four genes required for phage attachment) were attenuated in orally inoculated mice and defective in their ability to spread from cell-to-cell in mouse enterocyte monolayers (Spears et al. 2016) . With the help of the phage, we found that each mutant's wall teichoic acid (WTA; a glycopolymer covalently attached to the cell wall) was modified: each repeat unit was missing a single substituent sugar (galactose). As is true of most WTA "decorating" substituents, the absence produced no change in any of the mutant's laboratory growth properties (Brown et al. 2013) . Nevertheless, in the host cell cytosol, the mutants all exhibited reduced actin polymerization, and decreased cytosolic motility. The enzymatic steps required to add the WTA decoration have been proposed (Spears et al. 2016) . Currently, those enzymes provide targets for inhibition by small secondary metabolite derivatives. Such inhibitors are intended for use therapeutically as antivirulence factors (Clatworthy et al. 2007 ) that serve in lieu of antibiotics.
Exactly how the absence of a WTA decorating sugar decreases actin-based motility is unclear, but we suspect that the modified WTA composition results in a more elongated polymer (Doyle et al. 1974) , and that this may impede the access of cytosolic unpolymerized actin to the listerial cell surface protein (ActA) that nucleates the polymerization process (Spears et al. 2016) . A similar elongation of lipopolysaccharide (LPS; a glycopolymer anchored in the outer membrane of Gram-negative bacteria) is proposed to result from a lack of specific glucosylation of the Shigella flexneri LPS glycopolymeric repeat units (West et al. 2005) . In this case, glucosylation is required for the attachment of a set of S. flexneri phage that attach only to glucosylated repeat units (Allison and Verma 2000) . The defect in virulence is attributed (West et al. 2005) to the reduced access of the microorganism's surface-exposed type III secretion system (Ghosh 2004 ) to host cells. In both L. monocytogenes and S. flexneri, phage receptor modifications reduced virulence. Further, they did so by strikingly similar means: alteration of glycopolymer composition (removal of a substituent sugar), and possibly via a similar alteration in the receptor's tertiary structure (polymer elongation).
A partial list of pathogens whose virulence is influenced by a modification or ablation of a phage receptor has been published recently (Leon and Bastias 2015) . A complete list is difficult to assemble, in part because, phage resistance is often not integral to the screening strategy employed to obtain attenuated isolates (Autret et al. 2001; Bogomolnaya et al. 2008; Eugster et al. 2011; Faith et al. 2009; West et al. 2005) . In these cases, the coincident phage resistance, being peripheral to the screen, is not described in detail, and sometimes deduced from bioinformatic or historic data (Autret et al. 2001; Bogomolnaya et al. 2008) . How the frequent, if coincidental, connection between phage receptor and virulence can be systematically exploited to obtain new therapeutic agents is outlined below.
A general procedure to develop new antimicrobials based on phage receptor biosynthesis is outlined in Fig. 1 . For a given pathogenic bacterium, the initial step is to employ a collection of phages, select mutants resistant to each, and screen those mutants for attenuation in an appropriate animal model (Fig. 1a) . Phage collections are readily available (e.g., Felix d'Herelle Reference Center) or obtainable by traditional isolation procedures (Pelzek et al. 2008) . Phage resistant, attenuated mutants are then characterized to identify those that fail to adsorb the phage (i.e., fail to produce a functional phage receptor). In some wellstudied pathogens, bioinformatic database queries could be used to reduce (but probably not eliminate) the empirical screening and characterization process.
Once it is established which members of a phage collection can be used to select attenuated mutants, disease pathogenesis might permit the simple application of phage therapy (Fig. 1b) . Such diseases would ideally be relatively superficial (e.g., intestinal, upper respiratory tract) and thus, favor phage administration per os or via inhalation (Summers 2001) . In those instances where phage therapy is deemed problematical (e.g., systemic infections), a screen of effector molecules that prevent phage growth could yield candidate compounds that inhibit functional receptor biosynthesis (Fig. 1c) .
Regarding the screening illustrated in Fig. 1c , the compounds identified as conferring phage resistance would necessarily require further characterization to confirm that phage resistance was indeed correlated with a failure to adsorb phage. Also, it would be necessary to determine the The top rectangle a depicts the identification of a phage (tailed hexagon) whose receptor (purple squares) is determined, in empirical tests in mice, to be required for virulence. At this point, depending upon the disease under study, phage therapy b could be a promising therapeutic approach. Should disease pathogenesis warrant an alternative approach to therapy, a protocol is depicted c that utilizes a high-throughput screen of small molecules to identify therapeutic candidates based upon their ability to confer phage resistance. Subsequent experiments, to establish that the compounds identified prevent or alter receptor biosynthesis, are described in the text. Viable candidates (one compound illustrated) are moved forward for tests in mice 1 3 target molecule inhibited. This determination could lead directly to the receptor (e.g., a cell surface protein) or could identify an enzyme in a pathway needed for receptor production or proper structure (e.g., a cell surface glycopolymer whose biosynthesis requires several enzymatic steps). Such an identification would allow the inhibitory molecule responsible to be structurally refined to enhance efficacy and therapeutic potential. Modern molecular procedures (Richter et al. 2013 ) and bioinformatic methods (Fourches et al. 2014) can greatly facilitate target identification procedures. Also, if a multistep pathway is required to produce the phage receptor, the initial target identified could reveal additional potential targets in the receptor biosynthesis pathway using metabolomic data (Nicholson and Wilson 2003) . Targets identified in this manner allow the application of in silico docking simulations to be performed that can pre-screen a random small molecule library-reducing and refining the number of candidate inhibitors (Fourches et al. 2013; Spears et al. 2016 ).
An ideal situation would arise in cases where the pathway for phage receptor production is known before beginning the inhibitor library screen (Brown et al. 2012; Spears et al. 2016; Xia et al. 2010) . This would allow the in silico studies to precede a random library screen-reducing the compounds actually tested in the laboratory. A knowledge of the pathway could also be utilized to adjust the pathogen efficacy spectrum by targeting steps in the receptor biosynthesis pathway that are common to several phylogenetically related pathogens, or ones that are more pathogen-specific (Ling et al. 2015; Spears et al. 2016) .
Conclusions
This brief review presents examples of how phage can be used to identify surface structures required for pathogenesis, and then employed as tools to characterize compositional and structural features important for host-pathogen interaction. Further, a procedure is outlined for the use of phage to systematically identify bacterial surface structures required for virulence, and two possibilities (phage therapy and receptor biosynthesis inhibition) are described to exploit this therapeutically. Both possibilities serve as replacements for antibiotics. One might think that such a radical departure from antibiotics would be far in the future and encounter a good deal of regulatory delays. However, meaningful tests are likely to begin very soon. Poultry producers and large commercial purchasers of poultry products have expressed their intent that all antibiotic use (even therapeutic use) will be eliminated by 2019. The $48.3 billion/year poultry industry and the USDA have indicated their willingness to aid development of antibiotic alternatives. Initiatives such as these in production animals could emerge as the launching pad for a variety of experimental tests of antibiotic alternatives in humans (Miller 2016) .
